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The microcirculation during enflurane and isoflurane anaesthesia in dogs effects of enflurane and isoflurane of 0.75 and 1.5 MAC on capillary blood flow were studied by the microsphere (9 + 1 #m in diameter) method in two groups of seven dogs. Simultaneously, changes in the arteriolo-venular shunt were studied by collection of venous blood at a rate of 4. 8 Enflurane and isoflurane, which are structural isomers, have different cardiovascular effects. Enflurane depresses myocardial contractility and cardiac output in a dosedependent fashion, la Although the effect of isoflurane on myocardial contractility is stiU controversial, 3,4 cardiac output can be well maintained since systemic vascular resistance is ~ concomitantly. 5 Many studies have compared the cardiovascular effects of these anaesthetics, but little has been written about their microcirculatory effects.
ml" rain -~ for two minutes. Enflurane anaesthesia at O. 75 MAC decreased capillary blood flow in the thyroid glands (35% of control), left and right ventricular wall (59% and 50%), adrenal gland (59%), liver (63%), spleen (56%), pancreas (35%), omentum (20%), and small intestine (60o/0) and at L5 MAC it decreased further in the thyroid glands (15%), left and right ventricular wall (31% and 32%), adrenal gland (42~ liver (47%), spleen (31%), pancreas (23%), omentum (20%), stomach (45%), and small intestine (54%). No marked changes were noted in the brain, kidney, large intestine or skeletal muscle. The arteriolovenular shunt was decreased in the kidney
In a previous study, 6 we compared the effects of enflurane and isoflurane on capillary blood flow and arteriolo-venular shunt, and differences in the effects of both anaesthetic agents on the nutrient supply to several organs were studied in dogs. However, definite conclusions could not be drawn because of the highly dispersed values of some variables. Therefore, the experiment was repeated.
Methods

Subjects and preparation
Twenty mongrel dogs of either sex, weighing 9.5-13.0 kg, were anaesthetized with ketamine (2 mg. kg -j /v) and their tracheas were intubated with a cuffed tracheal tube. Their lungs were ventilated with 70% nitrous oxide in oxygen by a volume preset respirator (R60. Aika Instruments Co., Tokyo, Japan) with a tidal volume of 15 ml. kg -1 and a respiratory rate of 12 min -~. An electric blanket was used to maintain the animal's rectal temperature at 37-38 ~ C. The ECG was monitored with lead II. Teflon/v catheters (20 ga) were inserted directly into the left internal maxillary vein, which drains venous blood from the brain, into the right femoral vein, and into the left renal vein via the testicular (or ovarian) vein after laparotomy, respectively. Then, 6-Fr polyvinyl catheters were inserted into the external iliac artery via the left femoral artery, into the pulmonary artery via the fight jugular vein, into the left atrium after left thoracotomy, and into the trunk of the portal vein via a branch of the lienal vein after the laparotomy. The catheters were fixed to each vessel with biological glue without disturbing blood flow, and they were used for the measurement of blood pressure and collection of blood.
After the experimental setup was completed, arterial blood was analyzed to assess acid-base balance and pulmonary gas exchange. The PaO2, PaCO2 and pH were maintained at over 100 mmHg, 35 4-5 mmHg, and 7.40 • 0.05 by adjusting the tidal volume and/or infusion of the alkalinizing drug. All animals were left in place for 45 min to allow the circulation to stabilize.
Experimental groups
The animals were divided into three groups randomly. Six animals of 10.6 • 0.9 kg body weight (Group C) were anaesthetized with 70% nitrous oxide and 30% oxygen. Seven animals of 10.1 • kg body weight (Group E) were anaesthetized with the nitrous oxide and oxygen mixture until completion of the fast physiological measurements, details of which will be described later, and then either 0.75 or 1.5 MAC enflurane gas was added to the nitrous oxide and oxygen gas mixture (MAC for dogs -enflurane 2.2%, isoflurane 1.28%). 7 Selection of the concentration of enflurane or isoflurane to be used last was decided by a random number table before the series of experiments was started. The end-tidal concentration of enflurane or isoflurane was monitored continuously with an anaesthetic agent monitor (AA102 Acoma Co., Tokyo, Japan), the accuracy of which was compared with a value obtained by a gas chromatograph (Yanaco G-80 with an FID detector, Yanagimoto, Kyoto, Japan) on every experimental day. After 60 min was allowed for stabilization of the end-tidal concentration of enflurane, a second set of physiological measurements was made. Then, the concentration of inspired enflurane was changed to the alternate concentration and the stabilization period of 60 rain was carded out before a third measurement was made.
In seven animals of 10.5 • 0.9 kg body weight (Group I), the same physiological measurements were made as in Group E during nitrous oxide and oxygen anaesthesia and the choice of either 0.75 or 1.5 MAC isoflurane was made randomly before the experiment commenced. After the end-tidal concentration of isoflurane had stabilized, a second set of measurements was made. The inspired concentration of isoflurane was changed to the alternate concentration before a third set of measurements was made after stabilization of the end-tidal concentration of isoflurane.
The sequence of experiments of these three groups was randomly decided before the study was started. As abovementioned, the second and third physiological measurements were done at 60 and 120 min after the first measurement in Groups E and I. In Group C, these measurements were done at the same times.
Physiological measurements
Arterial blood gases and pH were measured with a blood gas analyzer (IL 1304 U.S.A.). Heart rate (HR) was measured from the R-waves of the ECG. Arterial pressure (AP) and left atrial pressure (LAP) were measured by a strain-gauge transducer (Nihon-Kohden TP-200T), and recorded on, a multi-channel recorder (Nihon-Kohden WT-645G) with ECG. These mean pressures (MAP, MLAP) were determined electrically. After these measurements, either 5'Cr (70 ~Ci)-, '~I (20 ~Ci)-or '~Sc (20 ~tCi)-labelled microspheres (3M Co., St. Paul, MN), 9.0 • 1.0 ~m in diameter, were injected into the left atrium via the implanted catheter. Prior to the injection, the microspheres were suspended in 2 ml of physiological saline-solution with 0.05 ml of Tween 80| (Nakarai Chemical Co., Kyoto, Japan) to prevent aggregation. Blood sampling was begun at the moment of microsphere injection, and blood was collected simultaneously from the internal maxillary, renal, portal and femoral veins and the pulmonary artery via the inserted catheters at a rate of 4.8 ml. min -I for two minutes using constant withdrawal pumps. To compensate for blood loss of 48 ml for the measurements and to avoid the influences of homologous blood transfusion, a volume of 6% dextran-70| solution (MW = 70 • 103) equal to the withdrawn blood was infused immediately after the blood collection. The amounts of microspheres in the collected blood were measured by an auto-gamma scintillation spectrometer (5320, Packard Instrument Co. Downers Glove, IL). Then, the numbers of microspheres shunted through each organ (As) were measured in the brain, kidney, all of the splanchnic organs and the muscles of the pelvic limb. The radioactivity of the microspheres shunted through the systemic circulatory organs (AsA) was also measured in the same manner as in As on the basis of the radioactivity of the blood withdrawn from the pulmonary artery. The same measurements were repeated using different anaesthetic concentrations of either enflurane or isoflurane at 60 and 120 min after the first measurements. Microspheres labelled with different isotopes, either 5~Cr, ~zsI or 46Sc, were used randomly for the three measurements.
Simultaneously with these measurements, cardiac output was determined by the method of Archie et al. s Briefly, immediately after injection of the microspheres into the left atrium, arterial blood was collected from the external iliac artery at a constant flow rate (19 ml. min -~) for 15 see. Cardiac output was calculated from the radioactivity of all of the injected and collected microspheres and the withdrawing speed. In addition, the cardiac index (CI) was calculated from the cardiac output and the body surface area of each dog. 9 At the end of the experiment, ventricular fibrillation was induced electrically in the animals. Fourteen organs (Table II) , including the four organs associated with measurement of the arteriolo-venular shunt, were removed and weighed. These organs were dissected into several small pieces and were placed in a counting vial. Samples were collected from the same part of each organ in every experiment. The radioactivity and weight of the samples were then measured and the total radioactivity of each organ (Ao) was calculated from them. Capillary blood flow, the fractional distribution of the cardiac output of each organ and the shunt rate were obtained using the following equations:
Capillary blood flow = Ao/A I X CO X 100/organ weight (ml. min -l. 100 g-l)
Fractional distribution of the cardiac output = Ao/A, X 100 (%)
Shunt rate (each organ) = As/(Ao + As) X 100 (%)
Shunt rate (all of the systemic circulatory organs) = AsA/A I X 100 (%)
where Ai is the radioactivity of the injected microspheres for each measurement and CO is the cardiac output. They were calculated in each stage by resolving the radioactivity of each isotope. Capillary blood flow was measured from the radioactivity of microspheres trapped in the organ and was presented as the blood flow per 100 g of wet tissue. Since the liver is nourished by the hepatic artery and the portal vein, the capillary blood flow of the liver was estimated from the summed radioactivity of microspheres trapped in the liver and all of the splanchnic organs.
All data are presented as the mean and SD. Paired Student's t test was used to analyze the changes in variables from the initial value in each group. Comparisons between the E and I groups were analyzed by analysis of variance. Signiticanee was assumed at P < 0.05.
Results
The PaO2, PaCO2, pH and the base excess were similar among the three groups throughout the experiment.
No marked change was observed in haemodynamic variables, i.e., HR, AP, LAP and CI, throughout the experiment in Group C. In Group E, however, HR decreased to 77 and 68% of the initial values and MAP decreased to 64 and 48% during 0.75 and 1.5 MAC enflurane anaesthesia. The MLAP increased to 178% during 1.5 MAC anaesthesia and CI decreased to 70 and 57% during 0.75 and 1.5 MAC anaesthesia.
In Group I, HR decreased to 81 and 73% of the initial values, MAP decreased to 75 and 55%, and MLAP increased to 152 and 193% during 0.75 and 1.5 MAC anaesthesia. The changes in MAP and CI during 0.75 MAC isoflurane were less than those during 0.75 MAC enflurane anaesthesia (Table I) .
The capillary blood flow in various organs remained unchanged in Group C, but decreased from the initial values in most organs after enflurane was added to the inspiratory gas. During 0.75 MAC, enflurane decreased to 35% of the control in the thyroid glands, 59% in the left ventricular wall, 50% in the right ventrieular wall, 59% in the adrenal glands, 63% in the liver, 56% in the spleen, 35% in the pancreas, 20% in the omentum and 60% in the small intestine, and at 1.5 MAC enflurane, decreased further to 15% in the thyroid glands, 31% in the left ventricular wall, 32% in the fight ventricular wall, 42% in the adrenal glands, 47% in the liver, 31% in the spleen, 23% in the pancreas, 20% in the omentum, 45% in the stomach and 54% in the small intestine.
In Group I, in contrast, no marked changes in the capillary blood flow were observed, except for a decrease to 43% of the control in the thyroid glands and to 74% in the right ventricular wall during 1.5 MAC anaesthesia. In the right ventricular wall, the change in the capillary blood flow during 1.5 MAC isoflurane was less than that Significantly different from the initial value (* = 0.01 < P < 0.05, 1" = P < 0.001). Comparison Of changes in Groups E and I aRer inhalation (:~ = 0.01 < P< 0.05). HR = heart rate; MAP = mean arterial pressure; MLAP = mean left atrial pressure; CI = cardiac inde~. Significantly different from the initial value (0 MAC) (* = 0.01 < P < 0.05, 1" = P < 0.01). Comparison of changes in Groups E and I after inhalation (~: = 0.01 < P< 0.05, w = P< 0.01). 82 = all skeletal muscles of the right pelvic limb. during 1.5 MAC enflurane. Furthermore, capillary blood flow in the liver and spleen was maintained mostly unchanged during isoflurane anaesthesia while it decreased during enflurane anaesthesia (Table II) . The fractional distribution of the cardiac output to various organs remained unchanged in Group C. In Group E, it increased from 1.99 to 3.02% in the brain and from 0.38 to 0.73% in the large intestine during 1.5 MAC anaesthesia. In the remaining organs, in contrast, it decreased with the increasing concentration of anaesthetic. In the thyroid glands, it decreased from 0.05 to 0.02% during 0.75 MAC and further to 0.01% during 1.5 MAC.
In the left and right ventrieular wafts, it decreased from 2.99 to 1.58% and from 1.22 to 0.65%, respectively, in the liver from 28.94 to 22.74%, in the spleen from 4.20 to 2.13% and in the pancreas from 1.13 to 0.46% during 1.5 MAC anaesthesia.
In Group I, the fractional distribution of the cardiac output changed in a similar manner to that in Group E in most organs. It increased in the brain from an initial 2.23 to 3.40% during 1.5 MAC isoflurane. However, it decreased from 0.05 to0.02% in the thyroid glands, from 29.17 to 22.68% in the liver, and from 0.54 to 0.19% in the omentum during 1.5 MAC isoflurane anaesthesia.
The shunt in the measured organs remained unchanged in Group C (Table III) . In Group E, it decreased Significantly different from the initial value (0 MAC) (* = 0.01 < P< 0.05, 1. = P< 0.01). Comparison of changes in Groups E and I after inhalation (:~ = 0.01 < P < 0.05, w = P < 0.01). 82 = all skeletal muscles of the right pelvic limb.
in the kidney from an initial value of 12.1 to 3.8% during 0.75 MAC and to 2.5% during 1.5 MAC enflurane. No changes were noted in other organs. In Group I, in contrast to Group E, the shunt value increased in the brain, skeletal muscle and whole systemic circulation. In the brain, it increased from an initial value of 12.0 to 29.7% and 33.0% during 0.75 and 1.5 MAC isoflurane anaesthesia, respectively. It also increased from 25.0 to 41.0% and 46.3% in the skeletal muscle, and from 8.9 to 19.9% and 17.4% in the whole systemic circulation. The change in the shunt rate in the brain, splanchnic organs and whole systemic circulation was significantly greater than that during 1.5 MAC enflurane (Table III) .
Discussion
The systemic capillary has a diameter of about 6 ~m,1~ whereas the diameter of the systemic arteriolo-venular shunting vessels is wider than 10~m. ~ Fan et al. ~2 demonstrated that the arteriolo-venus shunt rate for 915 ~m microspheres was <2% in the brain, myocardium, kidney, intestine and lung. They also reported that it remained unchanged even in acidotic states. The shunt rate for 99 ~m microspheres, in contrast, ranged from 3% in the myocardium to 24% in the splanchnic organs and it increased slightly in an acidotic state. 12 As mentioned above, the 99 gtm microspheres used in this study seem most appropriate for the measurement of capillary flow and arteriolo-venular shunt flow in all organs, since they should be trapped mostly in the capillary beds and should pass through the arteriolo-venular anastomosing vessels.
In Group C, all variables remained unchanged throughout the experiment. This means that long-standing anaesthesia (e.g., for eight hours) with a mixture of oxygen and nitrous oxide and artificial ventilation does not affect the capillary and arteriolo-venular shunting blood flows. In human volunteers, Calvedey et al. 2 observed that cardiac output, which decreased after initiation of 1 MAC enflurane anaesthesia, returned toward the awake level gradually for the subsequent six hours. In the meantime systemic vascular resistance decreased and peripheral blood flow increased. Similar results have been reported in isoflurane anaesthesia, s In our study, animals were anaesthetized with 0.75 and 1.50 MAC of either enflurane or isoflurane for 60 min. Therefore it was unlikely that the circulatory accommodation would occur in such short intervals of different depths of anaesthesia.
The CI remained unchanged during isoflurane anaesthesia, but it decreased in a dose-related fashion with enflurane (Table I) . Very similar results have been reported in healthy human volunteers, is Shimosato et at 5 demonstrated that CI remained unchanged at 1 MAC isoflurane for 90 min in human volunteers. It is well known that 1-2 MAC isoflurane has no effect upon myocardial performance in vivo. 4,Is Tiffs can be explained by the activation of beta sympathetic activity and a decrease in afterload due to peripheral vasodilatation. ~a In contrast, enflurane may depress left ventricular function in a dose-dependent fashion. ~: Again, in this study, the different cardiovascular responses to isoflurane and enflurane were demonstrated. Although a decrease in mean arterial pressure associated with both anaesthetics was observed, the change in Group I was less than that in Group E (Table I) .
The capillary blood flow in the brain was unchanged during either enflurane or isoflurane anaesthesia (Table  II) . It has been reported that cerebral blood flow in dogs is not affected by either 3% enflurane J4 or 1.4% isoflurane anaesthesia, is The data obtained in this study agree with these reports. It has been demonstrated that cerebral blood flow can be maintained, by autoregulation, despite disturbances in systemic circulation. The fractional distribution of cardiac output in the brain increased during both 1,5 MAC enflurane and isoflurane in this study. Stullken et al. 14 and Cucehiara et al. 15 on the other hand, reported that cerebral blood flow increased during iso-flurane anaesthesia in dogs. Eger 13 noted that, at 1.6 MAC isoflurane, the cerebral blood flow in human volunteers increased. Although our data indicated that cerebral capillary blood flow remained unchanged during isoflurane anaesthesia, the arteriolo-venular shunt flow increased, and thus total blood flow to the brain increased. It was presumed that the total blood flow to the brain increased during isoflurane anaesthesia and that the increased blood flow was shunted through arteriolovenular anastomoses. This response in the cerebral circulation might be controlled by the autoregulatory mechanism in the brain. 16 In Group I, capillary blood flow in the ventricular wall remained unchanged except in the right ventricular wall during 1.5 MAC isoflurane. In Group E, however, it decreased with an increase in the inspired concentration of enflurane (Table II) . This difference may be caused by the different effects of the two anaesthetics upon coronary perfusion. It has been observed that at up to 2 MAC isoflurane, myocardial blood flow was maintained 17 due to dilatation of the coronary arterioles. 18 In contrast, enflurane decreased the myocardial blood flow in a dose-related fashion as decreased ventricular function, l
The renal capillary blood flow was not altered during either enflurane or isoflurane anaesthesia (Table II) 17 reported, however, that the regional blood flow in the kidney remained unchanged during isoflurane anaesthesia in dogs. These observations agree with our findings. The arteriolo-venular shunt rate in the kidney decreased during enflurane anaesthesia, but remained unchanged during isoflurane anaesthesia (Table III) . The decrease in the shunt rate during the enflurane anaesthesia might explain why enflurane has no influence on the autoregulation of the kidney and why the renal capillary blood flow tended to decrease slightly. Isoflurane, on the other hand, might impair the autoregulation of the kidney due to the increase in the arteriolo-venular shunting flow. Mazze et al. 2o observed that renal blood flow decreased to 51% of the control during 0.5-1.0 MAC isoflurane in man. Therefore, if an increase in the arteriolo-venular shunt during isoflurane anaesthseia as observed in this study also exists in man, isoflurane might decrease the oxygen supply to the renal tissue.
In the present study, the total hepatic capillary blood flow decreased during enflurane anaesthesia and the capillary blood flow of many splanchnic organs also decreased (Table II) . These findings agree with previous studies. 2j,22 Hughes et al. 21 observed that the hepatic arterial blood flow and the portal blood flow both decreased to about 50% during 3% enflurane in dogs. On the other hand, isoflurane maintained the total hepatic and splanchnic capillary blood flow in this study (Table II) . Gelman et al. 23 demonstrated that the total hepatic blood flow was maintained during 2 MAC isoflurane in dogs. However, in their study, the portal blood flow (i.e., splanchnic blood flow) decreased during 1-2 MAC isoflume anaesthesia. The discrepancy between the two studies may depend on the differences in the control state; namely, Gelman used the waking state as a control, whereas we used the anaesthetized state with nitrous oxide and oxygen. Cardiac output is not decreased by 1-2 MAC isoflurane, since it has little effect upon myocardial function ~3 and it may dilate peripheral vessels in the splanchnic organs. However, it may be presumed that the arteriolo-venular shunting vessels of the splanchnic organs were also dilated during the isoflurane anaesthesia, since the change in the shunt rate in the splanchnic organs in Group I was much greater than that in Group E (Table III) .
Capillary blood flow in the skeletal muscle remained unchanged in both Groups E and I. However, the arteriolo-venular shunt rate in the skeletal muscle increased in Group I. It may be inferred that isoflurane dilates the arteriolo-venular shunting vessels in the skeletal muscle as well as in other organs. This increase in the shunt rate might be one of the main sources of the increased arteriolo-venular shunt rate in the whole systemic circula~on, since skeletal muscle constitutes a large part of the whole body.
In conclusion, the results obtained indicated that isoflurane might be more effective than enflurane for maintenance of the capillary, blood flow in most organs. However, it was also observed that isoflurane increased the artefiolo-venular shunt in several organs. Consequently, effective blood supply to the tissue might remain unchanged or decrease slightly during isoflurane anaesthesia. Furthermore, the effect of isoflurane, which increases the arteriolo-venular shunt, might cause some adverse effects in some pathological conditions. For example, it might be related to the steal of the coronary circulation in patients with coronary artery disease. 24
